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The land surfaceand the atmospherecan interact with eachother through exchangesof
energy,water,andmomentum.With thecapacityof longmemory,landsurfaceprocessescan
contributeto long-term variability of atmosphericprocesses.Greatefforts havebeenmadein
the past threedecadesto study land-atmosphereinteractionsand their importanceto long-
term variability. This paperreviewsstudieson monthly andseasonalvariability of the land-
atmospheresystem.Issuesto be addressedinclude theimportanceof land surfaceprocesses,
timescales,persistence,coupledpattemsof soil moistureandprecipitation,andprediction.A
perspectiveon futurestudiesis given.

1. Introduction

Land surfacecondition is amajor factor for the partitioningof radiativeenergyabsorbedon
the ground into sensibleand latent beatfluxes, which in turn affectsthe developmentof the

atmosphericplanetary boundarylayer (PBL) and clouds. On the other hand, atmospheric
processes,especiallyradiationand precipitation, aredriving forces of land surfacethermal

andhydrologicalvariability. Therefore,the land surfaceandatmosphereare closelyrelatedto
eachother. The importanceof interactionbetweenthe two climatesystemcomponentshas
beenemphasized(e.g.,Shuklaand Mintz 1982; Yeh et al. 1984;Mintz 1984;XueandShukla
1993;Avissar1995; Bettset al. 1996).

Land-atmosphereinteraction has emergedas one of the most active researchareasin
atmosphericandhydrologicalsciencesin the pastthreedecades,partly dueto the increasing
attention to human activity related to regional environmental changes. Landscape in
Amazonia,the Sahel,and NorthwestChina has changeddramaticallysince the 1 970sas a
resultof deforestationand over-cultivation.It might be responsiblefor someregionalclimate
disasterssuch as the prolongeddroughtin northernAfrica during the 1970s(Charney1975;
Xue andShukla1993; Zengetal. 1999).

Great efforts have been made in developing parameterizationsand datasets,and in
understandingphysical mechanisms.Several land surfaceschemes(e.g., Dickinson et al.
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1993; Sellersetal. 1986; Xue et al. 1991; Ji andHu 1989)weredeveloped.Parameterization
schemeswere also developedfor heat and water transfer and convectionsinduced by
landscapeheterogeneity(e.g.ChenandAvissar1994; ZengandPielke 1995; AvissarandLiii
1996; Liu et al. 1999). Severaldatasetsof decade-longsoil moisturemeasurementshavebeen
archived(Robocket al. 2000), which are valuablefor the studiesof monthly and seasonal
variability of the land-atmospheresystembecauseof their long lengthof record.A numberof
feedbackmechanismswere proposed(e.g., Rodriguez-Iturbeet al. 1991; Entekhabiet al.
1992; Eltahir 1998).

Similar to oceans,landhasthe capacityto retain anomaloussignalsover amuch longer
period than the atmosphere.This suggeststhat land surfaceprocessescould contribute to
long-term atmosphericvariability by passingtheir relatively slow anomaloussignalsto the
atmosphere.A large numberof studieshaveprovided evidencefor this contribution (e.g.,
Yehet al. 1984; DickinsonandHanderson-Sellers1988; Xue andShukla1993; Delworth and
Manabe1989; Vinnikov et al. 1996; Liu andAvissar1999; KosterandSuarez2001; Robock
etal.2003).

Understandingthe importance of soil moisture rnemory to monthly and seasonal
atmosphericvariability hasbeenagoal of the Global Energyand Water Cycle Experiment
(GEWEX). Measurementsof land-atmospherevariability were made and models were
developedto studythe relationshipsbetweensoil andatmosphericprocessesin the GEWEX
Continental-ScaleInternationalProject (GCIP) and GEWEX Asian Monsoon Experiment
(GAME), which were conductedin the Mississippi River areaof the USA andthe Huaihe
River areaof China, respectively.The GEWEX America Prediction Project (GAPP) has
establisheda goal to developand demonstratea capacity to make reliablemonthly and
seasonalpredictions of precipitation and land-surface hydrologic processesusing soil
moisturememory.

The purposeof thispaperis to review studieson monthly andseasonalvariability of the
land-atmospheresystem,including thosethat the authorparticipatedin. The importanceof
various land propertiesis first discussedin Section2. Four specific issuesof time scales,
persistence,spatialrelations,andpredictionare thendiscussedin Sections3-6, with the focus
on soilmoisture.A perspectiveon future researchis given in Section7. (Forareviewof land-
surfaceprocessesandtheir representationin weatherandclimatemodels,readersarereferred
to thepaperby Yang2003.)

2. TheImportanceof LandProperties

2.1.Soil Moisture

Soil moistureof the root zonelayer(about 1-2 rn deep)andthe surfacelayer(about0.1 m
deep)can affect long-termandshort-termatmosphericprocesses,respectively.Observational
evidencefor the importanceof the root-zonelayersoil moisturehasbeenobtained.Vinnikov
et al. (1996) foundsignificant lag autocorrelationovera few monthsusingthe soilmoisture
measurementsfrom Russia.Similar resultswere obtainedfor summermonthsfrom the soil
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moisture measurementsin Illinois of the U.S. (Findell and Eltahir 1997). Eltahir (1998)

provided an observationalbasis for a soil moisture-rainfall feedbackmechanism,which
linked changesin soil moisture, PBL moist static energy,and rainfall. Koster et al. (2003)
provided evidencefor the feedbackby which precipitation-inducedsoil moistureanomalies
affect subsequentprecipitation. Also, evidenceof the dominant role of soil moisture in

persistenceof the land-atmospheresystem was presented by analyzing soil moisture
measuredin China (Liii and Avissar 1999a). However, only a very limited number of
observationalstudieson the monthly andseasonalvariability of the land-atmospheresystem
havebeenconducteddue to the lack in systematicmeasurementsof long-terni soil moisture
andthedifficulty in isolatingthe signalsof land’s impacts.

Climatemodelshavebeenamajor tool for studiesof monthly andseasonalvariability of
the land-atmospheresystem.Early simulationswith atmosphericgeneralcirculation models
(GCM) coupledwith simple land-surfaceschemeshaveshowedsignificant impactsof soil
moistureon the surfaceair temperatureandprecipitation(Mintz 1984).Someof them further
indicatedthat the impactsof initial soil moisture anomaliescould last for several months
(e.g.,WalkerandRowutree1977; Rind 1982; RowutreeandBolton 1983; Yeh etal. 1984).

Soil moistureconditionsmay also contribute to floods and droughts.Both GCM and
regionalclimatemodels(RegCM)havebeenused to investigatethe role of soil moistureand
associatedmechanisms.Giorgi et al. (1996)proposeda soil moisture-rainfallfeedbackwhich
might contributesto the 1988 droughtandthe 1993 flood in the Midwest U.S. Hong andPan
(2000) foundapositivefeedbackwhich affectslow level structure,andPal andEltahir(2001)
proposedapositive feedbackmechanismlinking soil moisture,moist static energy in the
PI3L, andthe frequencyandmagnitudeof convectiverainfall processes.Bosilovich and Sun
(1999)and Scharet al. (1999)suggestedamechanismlinking soil moistureanomaly,change
in the low-leveljet, andatmosphericmoisturechangewithin theflood regions.

2.2. Soil Temperature

Soil thermal condition is a less important factor for monthly and seasonalvariability in
comparisonwith soil moistureandvegetationbecauseof the relatively smallheatcapacityof
soil. Anomaliesin soil temperaturelast less thanonemonth in a systemwithout hydrological
interactions(Liii and Avissar 1 999b). However, it is possiblethat the soil thermalcondition
affects seasonalatmospheric variability through a mechanismother than modifying land-
surface energy and water balances.Tang and Zhong (1984) proposed a mechanismof self-
sustainedoscillationin the land-atmospherecoupledthermal system,in which the oscillation
period wasfound to be about haIfayearin a soil layerof more than 10 meters deep.

2.3. Vegetation

Vegetationcan influence long-term atmosphericvariability by modifying land-atmosphere
energyand water balances.In comparisonwith baresoil, vegetatedsoil hasa lower albedo
and therefore receivesmore solar radiation for sensibleand latent heat transfer. Vegetation
affects the water balance by intercepting precipitation, extracting soil water from deep layers



throughtranspiration,andresistingrunoff. With largerroughness.momeutumaudturbuleur
transferson the surfacearechanged.

Channey (1975) proposed a bio-geophysical feedback mechanism to explain the
prolongeddrought in northern Africa. A reduction in vegetationcover in the Saheldue to
agriculturalactivitieswould leadto increasedalbedo,which would lead to a reductionin heat
transferfrom the surfaceand cooling in the atmosphere.The air would be forced to subside
andthereforerainfall is reduced.Simulationswith GCMs haveindicatedthat degradationof
vegetationconditionssuchas deforestationand desertificationwould lead to an increasein
the surfacetemperatureanda decreasein soil moisture,evaporation,runoff, and possibly
precipitation in most cases(Dickinson and Henderson-Sellers1988; Xue 1997). Vegetation
interactionmayalsocontributeto climatevariability at interannualanddecadalscales(Zeng
etal. 1999; Guillevic et al. 2000).

A limitation in simulatingthe rolesof vegetationin seasonalvariability is that vegetation
is prescribedor constantin most land-surfacemodels. Solutionsto this problemhavebeen
exploredby imposingprescribedseasonalpatternsof the evolutionof vegetationbasedon the
previously observedcycle of vegetationclimatology, or incorporatingdynamicvegetation
into a land-surfacemodel(GAPP2000).Ji (1995)developedaclimate-vegetationinteraction
model to simulatethe seasonalvariationsof biomass,energy,andwater fluxesfor temperate
forest ecosystemsin northeasternChina.Dickinsonet al. (1998)addedan interactivecanopy
model to the Biosphere-AtmosphereTransferScheme(BATS, Dickinson et al. 1993) to
describethe seasonalevolution in leaf areaneededin atmosphericmodelsand to estimate
carbonfluxes and net primary productivity. Lu et al. (1999) developedand implementeda
coupledRAMS/CENTURYmodelingsystem.

2.4. Snow Cover

When winter snow melts in the following spring or summer, land-surfaceheat and water
balancescan be changeddueto heatconsumptionand liquid waterrelease.This way snow is
connectedto seasonalatmosphericvariability. In addition,snow can directly affect surface
radiativebalanceby increasingthesurfacealbedo.

Robock et al. (2003) investigatedthe relationshipbetweeninterannualvariat~onsof the
monsoonstrengthandsnow coveroverEurasia.They foundthat the Indian summermonsoon
precipitation is negativelycorrelatedwith snow cover intensity over Europein the previous
winter and over westernAsia in the previousspring, and positively correlatedwith snow
cover over Tibet. The relationship with snow cover over Europe and western Asia is

consistentwith BamzaiandShukla(1999).

2.5. Joint Roles

Soil moisture,vegetation,and snowcover areclosely related.Two or all of them could be
involved in a landsurfaceprocessatthe sametime. Vegetationoften acts in a ways~milar to
soil moisture.For example,soil moistureis reduceddueto rainfall interceptionby vegetation,
which leadsto less significant persistence(Scoff et al. 1995, 1997). Also, both wet and
vegetatedsurfaceshavea large water e~changerate, which leadsto a short length of the
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seasonalscalein the land-atmospheresystem(Liu andAvissar I 999b). The possible role of
soil moisture in the effect of snow cover on the subsequent Indian summer monsoon
precipitation was investigated by Robock et al. (2003).For the caseexamined in that study,
no evidencefor asignificantrole was found.

Time and space scales of anomalous processesare among the important properties
determining relative contributions of soil moisture and other land surface factors. Soil
moisturemayplay moreimportantroles in monthlyandseasonalvariability than interannual
one. It is more important to seasonalprecipitation variability at regional scales than
continental ones (Liu 2002). Vegetation, on the other hand, may be important in both
seasonaland interannual variability. The GAPP scienceand implementation plan (GAPP
2000) describes in great detail the individual and joint roles of various land properties,
developmentof modeling tools, and major issuesto be investigated.

2.6. RelativeContributionsofLand andOceanProcesses

There are some substantial differences between land and ocean processes.Physically, soil
moisture (a hydrological factor) is of major importance for land process, while SST (a
thernml factor) is of major importance for oceanprocesses,which, of course, is due to the fact
that the amount of water available for evaporation is unlimited in the ocean,and its thermal
capacity is very large. Their relative contributions to seasonal-interannual atmospheric
variability depend on geographicand climateregimes(Kosterand Suarez1995; Koster et al.
2000).GCM simulations showedthat land surface processescontribute mostly to the variance
of precipitation out of ti e Tropics and in the regions where the strength of land-atmosphere
feedback is controlled largely by the relative availability of energyand water there.

Findell and Eltahir (2003a, b) used the convectivetriggering potential and a low-level
humidity index to distinguish between three types of early-morning atmospheric conditions
(thosefavoring moist convectionover dry soils, thosefavoring moist convectionover wet
soils,andthosethatwill allow or preventdeepconvectiveactivity, independentof the surface
flux partitioning). Analyses of the two measuresfrom radiosonde stations across the
contiguous 48 United States reveal that during the summer months positive feedbacks
between soil moisture and moist convection are likely in much of the eastern half of the
country. Over the westemhalf of the country, atmospheric conditions and the likelihood of
moist convectionare largely determined by oceanicinfluences,and land surface conditions in
the summer are unlikely to impact convectivetriggering.

~. lime Scalesof Land-Atmosphere SystemVariability

~~~imescaleconcerned here representsa period over which an anomalouseventspans. It isasured by the lengthof the period duringwhich the anomaliesremainasamesignfor non-
~PSCillatoryvariability’ or by the half-length of its time period for oscillatory variability.
Atm Osphericvariability occursat manytime scales,in addition to the sun-forceddiurnal and
~eaSonalcycles. Some scales identified include monthly-to-seasonalfluctuations, quasi-
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biannual fluctuations, and the SouthernOscillation (50) (2-5 years).Abnormal weather
eventslike floods anddroughtsmostlyhappenatmonthly andseasonalscales.

The atmospheric fluctuations and weather anomalies at thesetime scalesresult from
interactions between the atmosphereand other componentsof the climate system.It has been
revealed,for example, that ocean-atmosphericinteraction is the causefor the SO (Cane
1992). Studies on the time-scalesin the land-atmospheresystemare aimed at identifying the
major scales at which land surface processescan contribute to long-term atmospheric
variability and anomalousweatherevents.

3.1. TheoreticalFrameworkofTimeScales

Thedefinition and physical interpretation of time scalescanbe illustratedusingthesoil water
balance equation,a first-order model (Delworth and Manabe 1988),

dw(t)/ dt —P— E — R, (1)

where w is soil moisture;P. F, and R are precipitation, evapotranspiration,and runoff.
Snowmeltis neglectedin the model. P is an externalforcing. Although varied levels of
parameterizationschemesareavailablefor F andR(seeYang 2003 for detail), somesimple
schemesareusuallyusedfor scaleanalyses.Rcan be relatedto P. andF canbecalculatedby

F= Ew(t)Iw~~IE~, (2)

whereEl., and~ arepotentialevaporation,which is determinedby meteorologicalconditions,
andsoil waterfield capacity.Precipitationusually hasamuchfasterpacethansoil moisture,
suggestingthat variationsof precipitationandsoil moisturecould be expressedasred noise,
y(t), andwhitenoise,z(t), respectively

dy(t)/dt —2y(t) + z(t).

This representsa system possessingan inherent exponential damping with a rate of
2=E~IWft. The reciprocalof the rateis the e-foldingtime 1/2 Wfc /E~, that is, thetime

of aperiod duringwhich adisturbanceis reducedto e1 times of its initial amplitude.This
time is usedto measuretime scaleof soil moisturevariability. 2 can be relatedto time-lag
autocorrelationfunction

rQt)= —e’~, (4)

wherer and~areautocorrelationandtime lag, respectively.It canbe seenfrom Eqs. 2 and3
that major contributingfactorsfor restoringsoil moistureto its normal statusare potential
evaporation and soil water field capacity. Eq. 4 indicates that the longerthe time scaleis, the
more closelyconsequentsoil moisture is related its to initial anomaly.



79

A fourth-ordermodel can be developedbasedon the energyand water conservation
equationsof the soil and atmosphere,which determinesdampingratesof soil moisture,soil
temperature.air humidity, and air temperaturewith the effectsof various interactions(e.g.,
Liu and Avissar 1999b).By assumingno disturbancewith soil moisturein the fourth-order
model, a third-ordermodelcanbe obtained.Thereareno interactionsbetweensoil moisture
and other model variables. Similarly, three other third-order models can be obtained by
assumingno disturbancewith soil temperature,air humidity, or air temperaturein the fourth-
ordermodel.Foursecond-ordermodelscan be obtainedby assumingno disturbancewith any
two of the four system variables.Finally,by assumingno interactionsamongthe four system
variables,the fourth-ordermodelbecomesfour independentfirst-ordermodels,eachof which
contains only oneof the four variables.In thesecases,the variationof the disturbancein the
modelsis causedby self-feedback.

3.2. Scalesin Land-AI#’nospliereSystem

Usingthe first-ordermodeldescribedby Eqs.(1-4), Delworth andManabe(1988)obtaineda
globally averagedscaleof soil moisturevariability of aboutoneto two monthsbasedon the
simulationswith theGeophysicalFluid DynamicsLaboratory(GFDL) GCM. Using the same
technique,a valueof threemonthswas obtainedbasedon the soil moisturemeasurementsin
Russia(Vinnikov ci al. 1996) arid about two and half months basedon the soil moisture
measurementsin NorthChina (Entin ci al. 2000).

Interactionsbetweensoil moistureand other variablesincluded in some higher-order
models(Liu et al. 1993; Liu and Avissar 1999b; Liti and Avissar 2003) can significantly
increasethe length of a scale. In a fourth-order model (Liu and Avissar 1999b), the
atmosphereis assumedto consistof an air column and the soil is assumedto consist of a
thermallyactive layerandofa hydrologically active layer.Radiation,cloud andprecipitation,
sensibleandlatentheat(evaporation)fluxesarecalculatedbasedon various parameterization
schemes.The time scalesrepresentedby the four solutionsof the fourth-ordermodel areof
the ordersof one day’, one week, two months.and eight months(‘Fable I). The two longer
scales representmonthly- and seasonal-scaleprocesses,respectively.The seasonalscale
appearsonly in thosethird- or second-ordermodelsthat includedisturbanceof soil moisture.
The longestscalevaries betweenabout 190 and 240 days. This emphasizesthat the soil
Thoisture feedback,and its interactionswith the othervariables,arethe primary causefor the
Scale.In the modelwithout soil moisturedisturbance,the maximumtime scaleis only about
two months In addition,amongthe various interactions,the one betweensoil moistureand
air humidity is the predominant:excludingthis interactionresultsin a reduction in the length
~ofthe seasonalscaleby’ morethanonemonth.Without anyinteractions(resultsof first—order
Thodels),the longestscalecausedby’ soil moistureself.feedbackis only aboutthreeanda half

months
Thesestudiessuggestedthat the major scalesat which landsurfaceprocessescouldaffect

lie longt~r~ atmosphericvariability are monthly’ and seasonalones.Becauseof the lack of

ng-ter~ soil moisture measurementsit is difficult to find observationalevidencefor the
le featuresobtainedfrom the simple modelsof waterand energy conservation equations.
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However,global climate modelshaveprovided somenumericalevidence(e.g., Yeh et al.
1984; Liu et al. 1992 a, b; and Liu and Avissar 1999a). Yeh et al (1984) conducteda
numericalexperimentof initial soil moisture forcing with a simplified GFDL GCM, and
showedthat the inducedanomaliesin evaporation,precipitation,and soil moisturelast for
threeto five months.The time scalescalculatedusinga 10-yearsimulationwith the NCAR
Community Climate Model version 2 (CCM2) coupled with BATS (Dickinson et al. 1993)
range betweenabout two months in the tropics and over eight months at high latitudes (Liu
and Avissar 1999a).

Table I Damping timesof the fourth- and third-order models(in days) (From Liu and Avissar 1 999b)
Model Variables Scales
Order Inactivated 1 2 3 4

4th None 232 58 61
3rd Air Temperature 229 7 1

Air Humidity 196 19 1
Soil Temperature 236 29 6
Soil Moisture 58 6 1

3.3. ImpactsofPhysicalParameters

A techniquecalled FourierAmplitude Sensitivity Test(EAST) was usedto identify which
parametersmostly affect the scalesobtainedfrom the fourth-orderland-atmospheremodel
(Liu and Avissar 1999b). This techniquewas introducedby Cukier et al. (1973) and was
used,for example,by Liu and Avissar(1996) to examinesensitivity of shallowconvective
precipitationto atmosphericdynamicandcloudmicrophysicaparameters.

A numberof parameterswerefound to haveavery strong impacton the seasonalscale.
Basically, the smallerthe fluxes of water in the land-atmospheresystem(i.e., evaporation,
rnnoff, andundergrounddiffusion), the longerthe scaleis. As aresult, amoistersoil, a higher
soil temperature,more solar radiation, larger potential evaporation,or strongerturbulent
activity (thusa largeractualevaporationrate) leadsto a smallerlengthof the scale.

4. Persistence

It haslong beenrecognizedthatatmosphericanomaliescanpersistover relatively long time
periods(i.e., monthsto seasons),a featureknownas persistenceof atmosphericdisturbances.
The significanceof thisfeatureis that, if a variablehasstrongpersistence,the variable itself
can be agoodpredictorfor predicting its variability. Using autocorrelationsbetweenadjacent
monthly or seasonalatmosphericvariables,Namias(1952) demonstratedthe existenceof
suchpersistence.

Land can contribute to the atmosphericpersistencethrough its long memory and
interaction with the atmosphere.For example,following a dry spring, soil would likely be
desiccatedduring the summer.This would result in a relatively largesensibleheat flux
injectedin the atmosphereat the groundsurface,whichcould perhapsmaintainanticyclonic
circulations. Under such circumstances,one could expect reduced summer rainfall. A
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theoretical framework of the role of soil moisture memory in precipitation statistics was
presented by Koster et al. (2000),which indicates that a larger soil moisturememorywould
leadto alargercorrelationbetweeninitial precipitationand its subsequentvariability. Studies
of the persistenceissueare aimedat understandingthe featuresof persistencein the land-
atmospheresystemandthe contributionof landsurfaceprocesses.

4.1. FeaturesofSoilMoisture Persistence

Persistenceof the land-atmospheresystemhas been investigatedby analyzingthe natural
variability of long-termsimulationsproducedwith GCMs (e.g.,Delworth andManabe1988.
1989; Manabeand Delworth 1990). Using multi-yearsimulationsproducedwith the GFDL
(3CM, Delworth and Manabe (1988, 1989) analyzedthe variability in soil moisture and
atmosphericvariables,and tried to identify relationshipsbetween them. They found that
persistenceof soil moistureis statistically significant, and is more intensiveat high latitudes
andduring winterseasons.

Persistencealso dependson climate regime: it is more significant in drier geographic
regions. Figure 1 presentsone-month lag autocorrelationcoefficients of four variables
obtainedfrom measurementsin China (Liu andAvissar 1999a).Becauseof the unavailability
of soil moisturedata in North China duringwinter time due to frozen soil, one-montl lag
autocorrelations\ erecalculatedonly for the monthsof April to October. For soil moisture.
the one-month lag autocorrelationcoefficients are less than 55% in the mo~st Southeast
China, and over 80% in the dry NorthwestChina, indicating increasedsignificance of
persistencefrom the moist region to the dry one. Persistenceof other threevariables(soil
temperature,air humidity and temperature)has the samedependenceon climate regimeas
soil moisture. In addition,a global analysis (Liu and Avissar 1999a) basedon the CCM2
simulation(Bonan 1994)obtainedrelatively largeautocorrelationcoefficientsin dry northeri
Africa. and the strong contrast between this region and the moist tropics, where
autocorrelationcoefficientsare relatively low.

4.2. PhysicalMechanisms

Actual evaporationwas found to be amajorfactordeterminingthe seasonalpersistencein the
land-atmospheresystem(Liu and Avissar I 999b). Persistenceof soil moistureis inversely
proportional to evaporation.At high latitudesand in dry regions,actual evaporationis low,
resulting in strong persistence.Furthermore, becausewater exchangesbetween the land
Surface and its overlying atmosphereare dominant in dry regions,as indicated by a largeratio
of evaporation to precipitation (or small runoff) obtained in theseregions,soil moisture has a
significa11~ impact on atmospheric persistence.By contrast, soil moisture has a smaller impact

in the tropics and at high latitudes, where water exchangesbetween the atmospherein these
Tegionsand its surroundings are more important.

It was indicated that soil moisture plays a critically important role in the persistenceof
~the land~atmospheresystem (Liu and Avissar I 999a). Soil moisture has the strongest
Persistenceamongvarious land an(I atmosphericvariables.The one-monthautocorrelation

fficients are over 30% anywhereon the globe, with a global averageof about 60%.
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Persistenceof soil temperaturewas also found in most parts of the globe. However, its
intensity is much weakerthanthat of soil moisture.Persistenceof atmosphericvariablesis
foundonly in someregions.
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Figure 1. One-monthlag correlationcoefficients(After Liu andAvissar 1 999a).

5. SpatialRelations

5.1. SingularValueDecomposition(SVD)Patterns

Unlike soil moisture,whose status is determinedby local hydrologicalprocesses(rainfall
reachingthe surface,evapotranspiration,and rnnoff}, precipitation is controlled by both
large-scalecirculation patternsand local land-atmosphereexchanges.How strong land
surfacecanaffect precipitationdependson the relativeimportanceof the two processes.It is
assumedthat the localprocessesmayplay moreimportantrolesfor certainspatialpatternsof
soilmoistureandprecipitation.

Relations in spatial patterns between soil moisture and precipitation have been
investigatedby applyingtechniquessuchasprincipal componentanalysis(PCA). Wangand
Kumer (1998), for example, used empirical orthogonal function (EOE) to analyze soil
moisturepatternsand the effectson variability of the surfaceclimate in the USA. Another
PCA techniquecalledsingularvaluedecomposition(SVD) (Bretherton et al. 1992)wasused
to identify soil moisturepatternscloselyconnectedto precipitationvariability in China(Lin
2002). This techniquerealizesseparationof eachof the two fields into spacepatternsand
time coefficients (expansion coefficients). Sorted in declined order of singular values,
responsebetweenthe first pair of spatialpatternsis the largest,that betweenthe secondpair

20N
90E 100E 1
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is the secondlargest,andsoon. The first severalpairsof modesare regardedas SVD leading
modes.

The soil moistureand precipitationdatausedin the SVD analysiswere simulatedwith
the NCAR regional climatemodel(RegCM) (Dickinsonet al. 1989; Giorgi andBates 1989;
Giorgi et al. 1999). This model is a tool for studyingregionalfeaturesof climateandland-
surfaceprocessesat geographicregions of interest. It was developedbasedon NCAR I
PennsylvaniaState University MesoscaleModel Version 4 (MM4) (Anthes et al. 1987).
Somedetailedparameterizationschemeswere incorporated,including BATS land-surface
physics (Dickinsonetal. 1993)andthe NCAR radiativetransfermodel. RegCMwasableto
reproducesome importanthigh-resolutionspatial characteristicsof climate overEastAsia
(e.g.,Liu etal. 1994, 1996;Liu andDing 1995).

Four leadingmodesof soil moisture(Figure2) wereidentified by the SVD analysis.The
spatial pattern of the 1st soil moisture mode consistsof a pair of positive and negative
anomaliesseparatedbetween32-350N.The anomalousregionsarebasicallyzonally oriented,
eachof which is about 30 degreeslong and 15 degreeswide. The 2nd moderepresentsa
patternof more or less meridionally orientedanomalies.There is a large areaof negative
anomalyspreadingfrom Mongolia and NortheastChina down southwestwardto Central
China. The3rd modeis similar to the 2nd modein termsof its meridionalorientation,but the
negativeregion in the north doesnot spreadoverMongolia,andits intensityis muchweaker.
The last mode is featured by varied anomalieswhich are negativein NortheastChina and
becomepositivesouthwestwarddownto CentralChina.

Based on the correspondingatmosphericpatterns, the SVD leading modes of soil
moistureweredivided into two types.Type I consistsof the 1st and4th soil moistureSVD
modes,whosecorrespondingatmosphericanomalouspatternsarefeaturedby strongrelations
in the middle latitudesof 500 hPaandby the samesignsof anomaliesbetweenthe middle
and low troposphere;Type II consistsof the 2nd and3rd modes,whose corresponding
atmosphericpatternsare featured by comparableimportance betweenthe atmospheric
systemsin the middle and low latitudesand by oppositesignsbetweenthe middle and low
tropospherein someregions.

5.2. TemporalRelations

The two types of soil moisture SVD modes have different importance to subsequent
precipitation.The time-lag correlationof the SVD expansioncoefficient seriesbetweensoil
moistureand precipitation(Figure 3) is more significant for the Type II thanType I SVD
patternsof soil moisture. For both patternsof the 2nd and 3rd modes, the correlation
coefficientswith soil moistureleading precipitationaresignificantfor the lag-timeup to six
months at the 99.9% confidencelevel (the critical correlationvalue of 30%). In contrast,
thosefor the patternsof the 1st and4th modesareonly barelysignificantfor the lag-timeof
One month at the confidencelevel.

The aboveresults indicatethat, amongthe SVD leadingpatternsof soil moisture,only
those of Type II have close relations to subsequentvariability of precipitation. Some
explanationswereobtainedbasedon the featuresof their correspondingatmosphericpatterns,
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that is, oppositesignsof anomaliesbetweenthe middle andlow troposphere,and significant
anomaliesatboth middleand low latitudes.The first featureusuallyindicatesaweakcontrol
of an atmosphericsystem.As a result, soil moisture plays a relatively important role in
variability of precipitation.In contrast,the samesignsof atmosphericanomaliesbetweenthe
two heightsfor the Type I SVD patternsusually indicatea strongcontrol of an atmospheric
systemthroughoutthe entire troposphere.In this case,soil moisture’srole is lesssignificant.
The secondfeature may reflect a low westerly index, i.e., anomalously strong planetary-wave
activities. This favors the developmentof synoptic systemswhich have small scalesand
move fast. Their effectson long-term atmospheric processesare very limited. As a result, the
role of soilmoisture becomesrelatively important.
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Figure2. Soil moistureSVD patternscoupledwith Figure3. Time-lagcoffelationcoefficientsbetween
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5.3. PredictiveSign~flcance

The significanceof the SVD patternsto monthly andseasonalpredictionwas illustratedby
comparingthe time-lagcorrelationwith soil moistureleadingprecipitationbetweenthe SVD
modes(Fig. 3a-d) and the original data series (Fig. 3e). The coefficients in Fig. 3e were
obtained by first calculating time-lag correlation coefficients at each location and then
obtaining space averageof their absolutevalues. Although the simultaneouscorrelation
coefficient (zero-lagmonth)of 40% is comparableto thoseof the SVD leadingmodes,the
correlationcoefficientsof the original dataserieswith soil moistureleadingprecipitationby
onemonth or longer areonly about15%.

This result suggeststhat, if using sbil moistureas a predictor to forecastmonthly and
seasonalprecipitationvariability, betterpredictabilitycould be achievedby using the SVD
patternsthan original dataat individual locationsof the predictor.Therearealsodifferences
in the time-lag correlation betweenprecipitation and subsequentsoil moisture variability
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betweenthe original dataseriesandthe SVD expansionseries,thoughnot as largeas thosein
the time-lag correlation betweensoil moisture and subsequentprecipitation variability.

6. Prediction

The importanceof land-surfaceconditionsto short- andmedium-termweatherforecastshas
beenrecognized.A numberof operationaland researchmodels,including the NCEP ETA
model (Black 1994), NCARIPenn State MM5 (Grell et al. 1994), Regional Atmospheric
Modeling System (RAMS) (Pielke et al. 1992), have been coupled with land-surface
parameterization schemesto include the impacts of land-surface conditions on sensibleand
latent heat fluxes, PBL, atmospheric stability, and clouds and precipitation. There is also
evidence,including that described above, for the importance of soil moisture to long-term
weather forecast. As described below, dynamic and statistical methods have been used to
estimatepredictability and to develop forecast techniques.

6.1. DynamicalMethod

This method basically testssignificanceof simulated responsesin the surface air temperature,
precipitation, and soil moisture to initial soil moisture forcing with land-atmospherecoupled
climate models. The responsecould be measured by the differences in the variables between
simulations with and without the initial soil moisture forcing. The role of oceanprocessesis
excludedby using prescribed SST. The ensembletechnique is often used to comparetwo or
more groups of multiple simulations. Studies by Schiosserand Milly (2002) and Dirmeyer
(2003)showedgenerally higher predictability of the surface air temperature, consistentwith
the resulted obtained from reanalysis data (e.g., Huang et al. 1996). Predictability of
precipitation was found to be much lower, but for somespecificsituations such as transition
zones between dry and humid climates, or the regions with a tendency toward large initial
soil moisture anomalies and a strong precipitation-evaporation-soil moisture connection, it

could be significant (Koster et al 2000; Koster and Suarez2003).

6.2. StatisticalMethod

This method usesstatistical techniques like regression to build relations between initial soil
moisture and subsequentvariability of precipitation or other variables. Soil moisture could be
a sole predictor or combined with others like SST. Traditionally a regression relation has
been built for a specific location. Becauseprecipitation at a given location is determined by
the combined effectsof systematic relationships, which mostly are of large spatial scale,
identifying its spatial pattems and utilizing them asprediction factors can enhancepredictive
skill at individual locations (Bamston 1994) Some tools like PCA have been applied to
Obtaining spatial patterns of soil moisture and precipitation aimed at improving skills of
Prediction models (e.g.,Mo 2002).

- Predictability of monthly and seasonalprecipitation could be improved by using SVD
patterns betweensoil moisture and precipitation instead of their values at individual locations.
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A recentstudy provided predictiveevidencefor this suggestionby comparingskills of two
statisticalpredictionmodelsbasedon the coupledSVD patternsandlocal relationships(Liu
2003). The data used for model developmentand validation were obtained from the
simulationoverEastAsia with RegCM(Liu 2002).The results showedmuch improved skill
with the predictionmodel usingthe coupledSVD patterns.The seasonalpredictionskill is
higher than the monthly one. The most remarkable contribution of soil moisture to the
prediction skill is found in warm seasons,oppositeto that of SST.

7. Discussion

Themajor findings from the studiesreviewedin thispaperareas follows:
a. Land processeshave significant contribution to long-term variability of the land-

atmospheresystemat timescalesup to seasons.Self-feedbackof soil moisture is a major
contributorto the seasonalscaleandthe interactionsbetweensoil moisture and other
componentsof the systemcan remarkablyincreasethe lengthof the seasonalscale.

b. Land processesare more important than ocean processesto seasonalvariability of
precipitationover the mid-latitudecontinents.Vegetationcould contributeto interannual
anddecadalvariability of precipitation.

c. Persistenceof soil and atmosphericvariables,especiallysoil moisture,is abasicfeature
of long-termvariability of the land-atmospheresystem.It is more significant in high
latitudes, during winter seasons,and in arid regions.The rate of actual evaporation, which
is dependenton soil water content, is a major factor determining the persistence.

d. Among various spatial SVD patterns of soil moisture in East Asia, only those
correspondingto the atmosphericanomalouspatternswith oppositesignsbetweenthe
middle and low troposphereand significantanomaliesat both middle and low latitudes
havecloserelationsto subsequentmonthlyandseasonalprecipitationvariability.

e. There is high predictability of monthly and seasonalvariability in the surface air
temperature when soil moisture is usedas a predictor.Predictability of monthly and
seasonalvariability in precipitationis generallylow, but it could be significant in certain
climatic regions. Application of spatial relations like soil moisture SVD patternscan
improvestatisticalpredictabilityof precipitation.

The lack of soil moisturedatahasbeena majordifficulty in studyingthe issuesdiscussed
above.This problemwill remain for quite a while. A numberof researchprojects like GCIP
have madeefforts to obtain more frequentand higher-resolutionmeasurementsof soil
moisture data. This data is valuable for land-surfacemodel developmentand water and
energybalanceanalysis,but their relatively shortlength presentsaproblemto the studiesof
long-term variability. The application of remote sensing is believed to be one possible
solution for global coverageof high-resolution soil moisture data, which is useful for
obtaining initial fields for simulationandprediction.Onelimitation with the techniqueisthat
only soil moisture of a thin layer can be detected,which is much less valuablethansoil
moistureof adeeplayerto studieson long-termvariability.

Techniqueshave been under developmentto createalternativedata of soil moisture
measurementsby using land-surface hydrological models with observed/assimilated
precipitation.The applicationof such precipitationis expectedto producemorereliablesoil
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moisture.Among varioustypesof dataare the NCEP global reanalysis(Kalnay et al. 1996),
which hasbeen used in the issuesdiscussedhere(e.g.,Huang et al. 1996), the NCEP regional
reanalysis (Mesinger et al. 2003), which will be available soon, and the GEWEX/Global
Land-Atmosphere SystemStudy (GLASS) outputs (Dirmeyer 2002).

Most studieson the role of land processesin monthly and seasonalvariability of the land-
atmosphere system have been conducted using land-atmosphere coupled models. Our
understanding of the variability, therefore, is affected by uncertainties with the models.One
example of model uncertainty is coupling strength (Koster et al. 2002). There is a need for
continuously improving calculation schemesof various land-surface processes,including
snowpack, frozen soil, vegetation, and landscapeheterogeneity.

An objective of developingand demonstrating the capacity of making reliable monthly
and seasonalpredictions of precipitation and land-surface hydrologic processesusing soil
moisture memory was recently developedwith GAPP.This raisessomenewissuesabout the
monthly and seasonal variability of the land-atmosphere system. It presents some new
challengesand, at the sametime, newopportunities for scientistsfor many years to come.
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